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HIGHLIGHTS 


►  The  18650  cell  was  charged  at  60C  (1  min)  with  80%  of  rated  capability. 

►  Li4Ti50i2  allows  the  replacement  of  LiPF6  salt  by  LiTFSI  and  LiFSI  in  free  EC  for  lower  temperature. 

►  C-LTO  depress  the  gas  during  charge  discharge  cycling  and  make  technology  very  safe. 
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The  carbon-coated  LiFeP04  and  C— Li4TisOi2  particles  of  90  nm  in  diameter  have  been  tested  as  active 
elements  of  electrodes  of  Li-ion  batteries.  The  18650-size  cell  using  the  usual  electrolyte  1  mol  L-1  LiPF6 
in  ethylene  carbonate  (EC)  and  diethylene  carbonate  (DEC)  displays  a  charge  capacity  of  650  mAh  at  low 
C-rate  and  retains  more  than  80%  of  rated  capacity  at  60C  charge  rate  (1  min).  2032-size  coin  cells  have 
been  tested  with  different  electrolytes:  1.5  mol  L-1  lithium  tetrafluoroborate  LiBF4  in  EC+  y-butyr- 
olactone  (GBL),  and  0.5  mol  L-1  lithium  bis(trifluoromethanesulfonyl)imide  (LiN(CF3S02)2, 
LiTFSI)  +  1  mol  L-1  LiBF4  in  EC  +  GBL,  aiming  to  replace  the  less  stable  LiPF6  salt.  The  LiTFSI-based 
electrolyte  can  be  used  owing  to  the  low  operating  voltage  that  avoids  the  corrosion  of  the  aluminum 
of  the  collector.  This  electrolyte  shows  the  best  results  as  the  performance  is  even  higher  at  60  °C.  The 
infrared  images  show  that  the  temperature  of  the  cell  never  reaches  this  temperature  during  cycling, 
making  this  battery  a  high-power  battery  with  remarkable  thermal  stability.  The  maximum  temperature 
reached  by  the  cell  is  34  °C  at  40C-rate  and  40  °C  at  60C.  The  free  EC-based  electrolytes  even  operate  at 
80  °C  by  using  1  mol  L-1  lithium  bis(fluorosulfonyl)imide  (LiFSI)  in  GBL  or  1  mol  L-1  LiFSI  in  PC  +  GBL, 
thus  increasing  importantly  the  operating  temperature  range  for  the  battery.  The  carbon  coated  on  LTO 
depresses  the  evolution  of  gases  during  charge  discharge. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Intensive  studies  have  been  devoted  to  electrode  materials  for 
Li-ion  batteries  since  they  have  supplemented  Ni— MH  batteries  for 
demanding  applications  such  as  electric  transportation  hybrid 
(HEV)  or  electric  (EV)  vehicles.  The  battery  is  commonly  identified 
by  the  name  of  the  cathode  element,  because  it  is  not  only  the  most 
expensive  part  of  the  battery,  but  also  the  part  that  limits  the 
electrochemical  performance.  After  it  has  been  recognized  that 
LiCo02  is  inappropriate  for  cost  and  safety  reasons,  LiMn204  spinel 
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has  been  considered  for  a  while  as  an  alternative  electrode  [1,2].  At 
contrast  to  LiCo02  and  more  generally  to  the  lamellar  compounds 
of  this  family,  LiMn204  has  a  good  thermal  stability.  However,  the 
manganese  dissolves  in  the  electrolyte.  To  solve  this  problem, 
manufacturers  add  to  LiMn204  a  lamellar  compound  that  traps  the 
manganese,  but  also  re-introduces  a  material  that  lacks  safety.  The 
safety  of  the  vehicles  equipped  with  such  a  battery  relies  on 
a  sophisticated  battery  monitoring  system  (BMS)  that  is  costly,  and 
is  also  the  source  of  breakdowns.  More  recently,  LiFePCU  (LFP)  has 
emerged  as  the  solution  to  these  problems.  First  proposed  by  Prof. 
Goodenough  [3],  this  material  shows  a  remarkable  thermal 
stability.  The  intrinsic  electronic  conductivity  is  poor,  but  the 
coating  of  the  particles  with  a  conductive  material,  usually  carbon, 
has  solved  this  problem  [4].  Nowadays,  C-LiFePCU  can  be  prepared 
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free  of  impurities,  well  crystallized,  with  a  capacity  close  to  its 
theoretical  value  170  mAh  g_1  at  an  industrial  scale,  provided  the 
quality  control  has  been  achieved  [5]. 

Usually,  the  anode  of  the  commercialized  Li-ion  batteries  is  in 
graphite,  which  has  a  good  capacity  and  low  Li+/Li  redox  potential. 
On  another  hand,  the  anode  element  must  afford  safely  fast  charge 
and  discharge.  Regarding  this  property,  Li4Ti50i2  (LTO)  has  an 
advantage.  The  lack  of  strain  in  this  material  improves  the  shelf  life. 
In  contrast,  the  graphite  suffers  dilatation/contraction  upon  inser¬ 
tion/extraction  of  lithium,  which  results  in  aging,  and  limits  the 
power  of  the  battery.  The  theoretical  capacity  of  Li4Ti50i2  is 
175  mAh  g-1.  It  is  small  compared  to  other  anodes,  but  not 
prohibitive  since  it  is  slightly  larger  than  that  of  LiFeP04,  and 
actually,  the  cathode’s  capacity  limits  that  of  the  whole  battery.  The 
discharge  voltage  of  LLfTisO^  is  close  to  1.55  V  vs.  Li+/Li,  against 
0.1  V  for  graphite.  On  one  hand,  it  reduces  the  overall  voltage  of  the 
battery  and  its  energy  density. 

Replacement  of  carbon  with  lithium  titanate  anodes  will  lower 
the  gravimetric  and  volumetric  energy  density  of  the  resulting  cell. 
There  will  be  further  reductions  in  energy  density  when  utilizing 
high-power  cell  designs  from  120  Wh  kg-1  for  a  C//LFP  cell  to 
58  Wh  kg-1  for  an  LTO//LFP  cell  (calculated  by  weight  of  anode 
material).  On  the  other  hand,  the  fact  that  the  voltage  is  higher  than 
1.0  V  implies  that  Li4Ti50i2  does  not  need  passivation  (no  formation 
of  the  cell),  at  contrast  to  graphite  and  the  other  anode  materials 
that  inevitably  react  with  the  electrolyte.  Li4Ti50i2  is  also  preferred 
under  high  rate  charge  conditions  compared  to  carbon  since  there 
will  not  be  the  likelihood  of  lithium  plating  occurring.  That  is  why 
a  lot  of  efforts  were  made  already  in  the  90th’s  to  optimize  the 
preparation  of  LUTisO^  [6-15].  However,  the  power  performance 
is  limited  by  its  low  electronic  conductivity.  To  overcome  this 
problem,  extensive  works  have  been  devoted  to  form  nanoparticles 
[16-19],  or  to  dope  the  material  with  metal  cations  [20-25],  or  to 
modify  the  surface  [26,27],  or  to  coat  the  particles  with  carbon 
[17,28-31]  like  those  of  LiFeP04. 

In  a  previous  work,  we  have  reported  the  properties  of  an  LFP / 
LTO  cell  that  passed  successfully  the  battery  tests  for  safety  use  in 
public  transportation  [32].  The  “18650”  battery  prepared  under 
such  conditions  delivers  a  capacity  of  800  mAh.  It  retains  full 
capacity  after  20,000  cycles  performed  at  charge  rate  10C  (6  min), 
discharge  rate  5C  (12  min),  and  retains  95%  capacity  after  30,000 
cycles  at  charge  rate  15C  (4  min)  and  discharge  rate  5C,  both  at  100% 
depth  of  discharge  (DOD)  and  100%  state  of  charge  (SOC).  A 
demonstrator  of  this  battery  was  presented  at  the  World  Energy 
council  on  an  electric  car,  providing  it  with  autonomy  of  50  km.  This 
is  considered  as  too  short  for  an  EV,  but  it  may  be  well  suited  to 
equip  plug-in  HEV’s  for  instance.  In  this  earlier  work,  the  LFP 
particles  were  carbon  coated  but  not  the  LTO,  which  was  the 
limiting  factor  in  terms  of  power. 

The  first  goal  of  the  present  work  is  to  investigate  the  LFP//LTO 
cell  in  which  both  the  LFP  and  LTO  particles  have  been  carbon 
coated.  As  a  result,  this  new  cell  still  retains  50%  of  its  capacity  at 
40C-rate,  and  does  not  age  upon  cycling,  at  least  over  the  3500 
cycles  that  have  been  tested.  Note  the  power  of  the  battery 
increases  upon  decreasing  the  size  of  the  particles,  because  the 
diffusion  path  inside  the  particles  is  reduced.  In  the  present  case, 
the  average  size  of  the  particles  is  90  nm.  Since  the  size  of  the 
particles  can  be  decreased  down  to  about  20  nm  [33],  we  believe 
that  even  more  power  will  be  accessed  for  the  LFP//LTO  batteries. 
For  HEV  and  EV  applications,  however,  such  powers  are  useless, 
because  it  is  not  possible  for  the  grid  operators  to  supply  consumers 
with  so  much  power  that  a  battery  can  be  charged  in  1  min  30  s, 
which  corresponds  to  40C  rate.  On  another  hand,  we  believe  such 
batteries  can  find  applications  for  smart  grid  projects,  as  they  can 
be  used  to  regulate  the  distribution  of  electricity. 


Since  the  LFP//LTO  batteries  do  not  age  upon  cycling,  their  shelf 
life  is  limited  only  by  the  stability  of  the  components,  that  of  the 
electrolyte  in  particular.  Power  applications  require  an  electrolyte 
with  high  ionic  conductivity  a  >  10~3  S  cm-1  [34],  a  condition  that 
is  fulfilled  by  the  most  commonly  used  blend  that  consists  of 
ethylene  carbonate  (EC)  and  diethyl  carbonate  (DEC)  (EC:DEC,  1:1 
by  volume),  the  Li  salt  being  LiPF6.  We  report  hereunder  the  tests  of 
the  cell  with  this  electrolyte.  However,  the  LiPF6  is  known  to 
degrade.  It  decomposes  at  temperatures  as  low  as  80  °C  in  the 
presence  of  organic  solvents;  the  products  of  this  decomposition 
induce  acid  (HF)  dissolution  of  cathode  active  materials  [35,36].  The 
organic  solvents  are  also  a  problem.  They  can  dissolve  (decompose) 
the  solid  electrolyte  interface  (SEI)  [37,38],  and  generate  direct 
reactions  between  cathode  active  materials  and  the  electrolyte 
[39].  The  consequence  is  the  fast  deterioration  of  the  batteries 
above  60  °C,  and  in  practice  the  reason  why  the  electric  cars  are 
equipped  with  a  cooling  system  that  keeps  the  temperature  of  the 
Li-ion  batteries  below  30  °C.  The  second  goal  of  the  present  work  is 
then  to  explore  other  lithium  salts  and  other  electrolytes  that 
would  not  have  this  inconvenience.  We  present  in  this  work  the 
results  obtained  with  two  other  electrolytes:  1.5  mol  L^1  lithium 
tetrafluoroborate  LiBF4  in  EC  +  y-butyrolactone  (GBL)  (1:1  by 
volume),  and  0.5  mol  L  1  lithium  bis(trifluoromethanesulfonyl) 
imide  (LiN(CF3S02)2,  LiTFSI)  and  1  mol  L_1  LiBF4  in  EC  +  GBL  (1 :1  by 
volume).  LiBF4  is  known  to  have  a  much  better  thermal  stability 
than  LiPF6  [40].  In  particular,  the  stability  of  the  LiBF4  in  EC/GBL 
electrolyte  already  insured  the  very  low  swelling  under  the  high 
temperature  storage,  and  the  excellent  safety  performance  against 
LiCo02  cathode  material  [41],  and  very  good  results  were  also 
obtained  against  LFP  cathode  as  well  [42].  Also,  it  has  been  recog¬ 
nized  that  electrolytes  containing  GBL  are  promising  because  this 
solvent  has  a  high  flame  point,  a  high  boiling  point,  a  low  vapor 
pressure,  and  a  high  conductivity  at  low  temperatures  [43].  Earlier 
works  also  motivates  the  alternative  choice  of  LiTFSI  instead  of 
LiBF4.  The  conductivity  of  the  LiTFSI-based  electrolyte  is  about 
8  x  10-3  S  cm-1  [44]  using  EC  +  GB  (1 :3),  and  its  molecular  weight 
is  only  197  g.  In  case  the  anode  is  graphite,  LiBF4  is  preferred  to 
LiTFSI  because  it  is  the  only  salt  that  permits  full  charge-discharge 
cycles  in  GBL-EC  mixtures  [45].  Remember,  however,  that  we  have 
chosen  for  the  anode  LTO  because  graphite  suffers  at  high  C-rates, 
so  that  we  do  not  have  this  inconvenience,  here.  Also,  LiTFSI  is 
known  for  its  corrosive  effect  on  the  collector  that  is  in  aluminum 
[46-50],  at  contrast  with  LiPF6  and  LiBF4  that  protect  the  collector 
owing  to  the  formation  of  an  A1F3  film  [51-53],  LiPF6  react  with 
water  (pmm)  to  form  HF.  However,  this  corrosive  effect  of  LiTFSI 
occurs  at  4  V  and  beyond,  and  the  operating  voltage  with  the  LFP// 
LTO  is  smaller.  That  is  why  we  took  this  opportunity  to  use  this  salt 
here.  The  diffusion  coefficients  of  Li+  ions  of  each  component  of 
both  the  LiTFSI-  and  the  LiBF4-based  electrolytes  considered  in  the 
present  work  have  been  determined  [54],  showing  that  they  are 
promising  for  use  in  high-power  Li-ion  batteries. 

For  all  the  cells  investigated  in  the  present  work,  the  water 
soluble  elastomer  was  used  as  the  binder  for  both  the  LFP  and  the 
LTO  electrode  materials.  The  flexibility  of  the  electrodes  is 
increased  by  a  factor  two  with  respect  to  the  same  electrodes  with 
the  conventional  poly(vinylidene)  fluoride  (PvdF)  binder  [55], 
resulting  in  an  improved  performance  at  high  C-rates. 

2.  Experimental 

The  LiFeP04  sample  was  prepared  by  the  hydrothermal  process, 
particularly  successful  with  respect  to  controlling  the  chemical 
composition  and  crystallite  size  [54,56—59].  We  followed  the 
procedure  described  in  [60].  Equimolar  amounts  of  FeS04  and 
H3P04  were  mixed  in  deoxygenated  and  de-ionized  water.  A  small 
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amount  of  citric  acid  was  added  to  the  mixture  to  prevent  iron 
oxidation.  A  0.19  mol  L-1  LiOH  solution  was  added  slowly  to  give 
Fe:P:Li  equal  to  1:1:3.  After  stirring  under  nitrogen  for  about  5  min, 
the  reaction  mixture  was  transferred  to  a  Parr  reactor,  which  was 
purged  with  nitrogen  and  held  at  220  °C  for  5  h.  This  temperature  is 
high  enough  to  avoid  the  presence  of  iron  on  lithium  site,  a  defect 
that  poisons  the  material,  when  the  synthesis  temperature  is  lower 
the  180  °C  [61].  On  cooling  to  room  temperature,  the  precipitate 
was  filtered  and  thoroughly  washed  with  de-ionized  water.  Then,  it 
was  dried  at  85  °C  for  24  h  in  a  special  glove  box  using  vacuum- 
nitrogen  scan. 

The  carbon  coating  was  achieved  using  the  procedure  described 
elsewhere  [62].  The  particles  were  mixed  with  the  carbon 
precursor  (lactose)  in  acetone  solution.  The  nominal  dry  additive 
corresponded  to  5  wt.%  carbon  in  LiFeP04.  After  drying,  the  blend 
was  heated  at  650  °C  for  2  h  in  an  inert  atmosphere  to  form 
C-LiFeP04.  The  final  quantity  of  carbon  was  about  2  wt.%  of  the 
material  as  measured  by  a  carbon  analyzer  (CS  444,  LECO  Co.).  This 
process  leads  to  a  homogeneous,  3  nm-thick  surface  layer  of 
conductive  carbon  [63]. 

The  C-Li4Ti50i2  particles  were  prepared  as  follows.  The  starting 
materials,  Ti02  anatase  and  LhCOs  were  commercially  available 
with  purities  of  99  and  99.5%,  respectively.  A  mixture  of  TiC^  and 
Li2C03  (molar  ratio  Li/Ti  of  2.27)  was  prepared,  to  which  carbon  was 
added  under  the  form  of  3  wt.%  vapor  grown  carbon  fiber  (VGC), 
plus  3  wt.%  Denka  Black,  Japan.  The  homogeneity  of  the  mixture 
was  obtained  by  high-energy  ball  milling.  These  precursors  were 
mixed  by  jar  milling  in  the  presence  of  acetone  used  as  liquid 
solvent.  Then,  the  mixed  powder  was  separated  from  the  solvent  by 
filtering,  and  dried  at  120  °C  for  24  h.  Then  the  lactose  was  added  to 
the  product,  and  the  same  procedure  as  used  for  the  carbon  coating 
of  LiFeP04  was  followed.  The  only  difference  is  that  the  powder  has 
been  heated  at  800  °C  in  N2  during  12  h  to  form  the  final 
C-Li4Ti50i2  product,  instead  of  650  °C  in  the  case  of  LiFePC^.  The 
reason  is  that  the  conductivity  of  the  carbon  coat  increases  with  the 
temperature  at  which  it  is  deposited  on  the  particles  [63-65].  In 
the  case  of  LiFePCU,  we  were  limited  by  the  fact  that  above  700  °C, 
impurities  are  formed  [66].  On  the  other  hand,  it  is  possible  to 
sinter  LUTisO^  without  damaging  the  material  and  we  took  this 
opportunity  to  increase  the  conductivity  of  the  carbon  coat. 

Structural  analyses  of  the  LiFeP04  and  LLjTisO^  were  achieved 
with  X-ray  diffraction  (XRD)  on  a  Philips  X’Pert  PRO  MRD  (PW3050) 
diffractometer  equipped  with  a  Cu  anticathode  (CuKa  radiation 
A  =  1.54056  A)  and  a  Bruker  AXS  D8  ADVANCE  with 
Bragg-Brentano  geometry,  which  has  a  sealed  Co  Ka  radiation 
source  (including  both  Kal  and  Ka2)  and  linear  1-D  position 
sensitive  detector  (Vantec-1),  where  K(3  radiation  is  filtered  by  Fe 
foil.  XRD  measurements  were  collected  in  the  26  range  10-80°  in 
step  scanning  mode  A{26)  =  0.05°.  For  morphological  analysis, 
a  scanning  electron  microscope  (SEM)  study  of  the  samples  was 
performed  using  a  Hitachi  model  HD-2700  with  200  kV,  120  kV  and 
80  kV  operating  potential.  The  TEM  samples  were  ultrasonically 
treated  in  a  solution  of  isopropyl  alcohol  and  then  deposited  on 
silica  substrate. 

The  electrochemical  properties  have  been  studied  on  cell  in 
which  the  positive  electrode  contained  89%  LiFePCH  coated  with 
carbon  as  active  cathode  material,  3%  vapor  grown  carbon  fiber,  3% 
carbon  acetylene  black  (CAB)  and  5%  binder  (SBR  +  CMC).  The 
typical  electrode  mass  and  thickness  of  laboratory  coin  cell  was  in 
the  range  4-8  mg  and  0.02-0.06  mm,  respectively  The  electrodes 
were  dried  at  120  °C  under  a  vacuum  and  then  transferred  to  an 
argon-filled  glove  box.  The  coin  cells  were  20  mm  in  diameter  and 
3.2  mm  thick  (2032  coin  cells).  A  Celgard  (3501)  surfactant  coated 
porous  polypropylene  separator  was  also  used  within  the  stainless 
steel  case  to  fabricate  2032  size  coin  cells  assembled  in  an  argon- 


filled  glove  box.  Measurements  are  also  reported  on  a  pilot 
18650-type  C-LiFeP04//C-Li4Ti50i2  cell.  All  the  cells  have  been 
prepared  by  cycling  galvanostatically  first  time  at  C/12  rate,  second 
time  at  C/8,  third  time  at  C/4  at  constant  temperature  of  25  °C.  The 
measurements  have  been  made  using  a  Bitrode  MCV4-100-12 
cycler  (maximum  potential  5  V,  maximum  current  100  A). 

The  infrared  camera  used  to  determine  the  temperature  profiles 
through  the  18650-type  cell  is  a  Fluke  Corp.  camera,  model  Ti55, 
equipped  with  a  lens  of  20  mm  focal  length  and  aperture  of  f/0.8, 
operating  in  the  wavelength  range  8-14  pm. 

3.  Results 

3.1.  Structural  properties 

The  C-LiFeP04  samples  have  been  characterized  by  following 
the  quality  control  described  in  [5].  The  X-ray  diffraction  pattern, 
magnetic  properties  and  infrared  spectroscopy  spectrum  show  that 
the  sample  used  in  the  present  work  are  well  crystallized.  Since  the 
intrinsic  properties  of  this  material  are  well  known,  and  reported  in 
different  places  (for  a  review,  see  [67]),  they  are  not  reported  here. 
Fig.  1  shows  the  SEM  images  of  the  LiFePCU  powder,  showing  that 
the  average  size  of  the  particles  is  90  nm.  The  TEM  images  show 
a  uniform  coat  of  amorphous  carbon  about  3  nm-thick,  in  agree¬ 
ment  with  the  TEM  images  already  published  for  this  material. 
Fig.  2  displays  the  XRD  pattern  of  the  C-LUTisO^  composite.  All  of 
the  observed  diffraction  peaks  can  be  indexed  according  to  this 
spinel  structure  (JCPDS  file  No.  26-1198).  In  particular,  no  line 
associated  toTi02  has  been  detected  (anatase  at  26  =  25°  and  rutile 
at  26  =  27°),  which  confirms  the  excellent  crystallinity  of  the 
material  since  TiC^  is  the  impurity  most  frequently  met  in  LLfTisO^ 
[68].  The  SEM  images  are  presented  in  Fig.  3.  In  the  figure  we  can 
see  that  the  sample  displays  particles  with  the  same  size  (90  nm)  as 
the  LiFeP04  particles  in  Fig.  1.  The  TEM  image  (Fig.  4)  shows  the 
carbon  layer  of  the  C-LUTisO^  composite.  The  carbon  layer  covers 
uniformly  the  particles,  but  the  surface  is  less  regular  than  in  the 
case  of  C— LiFePCH  and  varies  from  1.5  to  3  nm,  while  it  is  3  nm  in 
LiFeP04  [62]. 

3.2.  Electrochemical  properties 

3.2.1.  Half-cells  with  LiPF6  +EC  +  DEC  in  atmosphere  at  25  °C 

Both  C-LFP  and  C-LTO  electrodes  have  been  tested  in  the  usual 
electrolyte  LiPF6  in  EC-DEC  at  low  C-rate,  with  Li  foil  as  counter- 


Fig.  1.  SEM  image  of  the  C-LiFeP04  composite  used  in  this  work. 
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Fig.  2.  XRD  pattern  of  the  C-Li4Ti50i2  composite. 

electrode.  At  C/24  rate,  the  voltage  plateau  of  LFP  at  3.45  V  is  well 
observed  in  Fig.  5,  and  the  capacity  is  154  mAh  g-1.  The  difference 
in  the  voltage  plateau  between  charge  and  discharge  does  not 
exceed  0.05  V,  which  gives  evidence  of  the  small  internal  resistance 
of  the  cell.  Another  evidence  of  this  property  will  be  provided  by 
the  investigation  of  the  temperature  reached  in  the  cell,  investi¬ 
gated  later  on  in  this  work.  The  polarization  increases  slowly  upon 
increasing  the  C-rate,  as  it  can  be  seen  in  Fig.  6  showing  the 
discharge  curves.  The  modified  Peukert  plot  in  Fig.  7  reports  the 
discharge  capacity  as  a  function  of  the  discharge  C-rate  obtained  in 
cycles  where  the  charge  rate  is  C/4.  It  shows  that  the  capacity  is 
larger  than  100  mAh  g-1  at  40C,  which  is  the  best  performance  that 
has  been  obtained  so  far  for  LFP  with  90  nm-width  particles. 

The  voltage  plateau  of  the  C-LTO/LiPF6  in  EC-DEC/Li  cell  is  1.55  V 
vs.  Li+/Li  at  low  C-rate,  as  it  can  be  seen  in  Fig.  8.  These  data  are  in 
agreement  with  prior  results  [67].  The  voltage-capacity  curves  at 
different  C-rates  are  shown  in  Fig.  9,  upon  charging  since  C-LTO  is 
the  counter-electrode.  The  results  of  the  modified  Peukert  plot 
(Fig.  10)  have  been  obtained  in  the  voltage  range  2.5— 1.2  V  vs.  Li+/Li. 
The  capacity  is  166  mAh  g-1  at  C/24,  and  remains  larger  than 
150  mAh  g-1  at  40C-rate.  The  comparison  with  Fig.  7  shows  that  it 


Fig.  3.  SEM  image  of  the  C-Li4Ti50i2  composite. 


Fig.  4.  TEM  image  showing  the  carbon  layer  of  the  C-Li4Ti50i2  composite. 


is  larger  than  that  of  C-LFP  at  any  rate,  and  that  the  limitation  on  the 
C-rate  comes  from  the  C-LFP  side. 

3.2.2.  18650-type  cell  with  LiPF6  +EC  +  DEC  in  atmosphere  at25°C 
The  full  cell  has  been  tested  in  the  voltage  window  1.0-2.8  V 
upon  charging  and  discharging,  since  the  performance  at  high  C- 
rates  is  important  in  both  cases.  Fast  charge  is  convenient  for  use  of 
batteries  in  electric  transportation,  fast  discharge  sizes  the  power 
that  the  battery  can  deliver.  The  discharge  and  charge  curves  of  the 
C-LTO/LiPFg  in  EC-DEC/C-LFP  cell  are  shown  in  Fig.  11a  and  b, 
respectively,  for  different  C-rates.  Note  that  in  the  present  work,  we 
keep  the  same  conventional  unit  as  in  [32],  namely  the  capacity  is 
expressed  in  mAh  per  gram  of  the  active  negative  electrode 
LiFeP04.  At  low  C-rate,  the  voltage  plateau  is  observed  at  1.85  V; 
this  is  the  difference  between  the  plateaus  of  the  half-cells  in  Figs.  5 
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Fig.  6.  Discharge  curves  of  C-LiFeP04/l  mol  L  1  LiPF6  in  EC-DEC  (1 :1  )/Li  at  different  C- 
rates. 


and  8.  The  modified  Peukert  plots  (measured  upon  discharge)  and 
the  inverse  modified  Peukert  (measured  upon  charging)  are 
reported  in  Fig.  12.  The  modified  Peukert  plot  was  measured  along 
cycles  with  C/4  charge  rate,  as  a  function  of  the  discharge  rate.  The 
inverse  modified  Peukert  was  measured  along  cycles  with  C/4 
discharge  rate,  as  a  function  of  the  charge  rate.  The  difference  upon 
charging  and  discharging  is  best  evidenced  in  this  last  figure,  and  it 
takes  place  at  2C.  The  discharge  capacity  is  still  80  mAh  g”1  at  40C, 
while  the  charge  capacity  at  this  rate  is  ca.  50  mAh  g-1.  The 
discharge  curves  of  the  “18650”  cell  built  with  these  materials  is 
reported  in  Fig.  13,  together  with  the  modified  Peukert  plot.  Note 
the  performance  of  this  “18650”  cell  is  slightly  improved  with 
respect  to  the  laboratory  cell  presented  in  the  previous  figures,  at 
high  C-rates,  because  it  has  been  manufactured  with  the  industrial 
optimized  process.  Thus,  the  specific  energy  of  the  0.65  Ah  18560- 
type  cells  used  in  this  work  is  50  Wh  kg”1. 
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Fig.  8.  Voltage  plateau  of  C-LLfTisO^/l  mol  L-1  LiPF6  in  EC-DEC  (1:1  )/Li  cell  at  C/24 
rate. 


3.2.3.  Thermal  runaway  of  18650-type  cell 

The  study  of  the  thermal  properties  of  this  “18650”  cell  is  also 
illustrated  in  Fig.  14,  since  the  temperature  reached  during  the 
experiments  at  all  steps  of  the  modified  Peukert  plot  is  also 
reported.  The  maximum  temperature  reached  by  the  cell  is  34  °C  at 
40C-rate.  This  is  however  only  an  average  temperature.  The 
temperature  profile  of  the  “18650”  cell  has  been  measured  under 
extreme  charge  rate  conditions  of  60C  rate  with  a  thermal  camera. 
The  results  are  reported  in  Fig.  15.  Again,  the  temperature  does  not 
exceed  35  °C  anywhere  in  the  cell  when  the  charge  is  limited  at 
partial  charge  1.7  V,  but  increases  locally  up  to  48  °C  at  full  charge 
(2.5  V).  The  thermal  profile  during  the  discharge  at  the  same  C-rate 
is  shown  in  Fig.  16  at  partial  discharge  1.2  V  and  full  discharge  1  V. 
Again  the  temperature  is  smaller  than  40  °C  anywhere  inside  the 
cell.  The  stability  upon  cycling  has  been  tested  in  a  protocol,  where 
each  cycle  consists  of  float  charging  at  2.5  V  during  5  min  followed 
by  a  discharge  at  5C  rate.  The  results  are  reported  as  a  function  of 
the  C-rate  (charge  state)  the  discharge  in  constant  rate  (5C).  As 
a  result,  the  cell  remains  stable  over  the  3500  cycles  that  have  been 
tested  at  30  °C  (2  min),  60  °C  (1  min)  and  100  °C  (35  s),  as  it  can  be 
seen  in  Fig.  17,  which  confirms  our  previous  result  according  to 
which  C-LFP//C-LTO  cell  does  not  age  upon  cycling  [32].  At  60C 


Fig.  9.  Charge  curves  of  C-Li4Ti5Oi2/l  mol  L  1  LiPF6  in  EC-DEC  (1:1  )/U  at  different  C- 
rates. 
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Fig.  10.  Modified  Peukert  plot  of  the  C-Li4Ti50i2/l  mol  L”1  LiPF6  in  EC-DEC(1 :1  )/Li  cell. 

(1  min)  charge  rate,  the  capacity  of  the  18650  has  80%  of  the 
nominal  capacity  (650  mAh).  This  data  are  attractive  for  fast  charge 
application  such  electric,  bus  streetcar  and  grid  frequency 
regulation. 
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Fig.  12.  Modified  Peukert  (discharge)  and  inverse  modified  Peukert  (charge)  plots  of 
the  C— LiFeP04/l  mol  L-1  LiPF6  in  EC-DEC  (l:l)/C-Li4Ti5Oi2. 


32.4.  Coin-cells  with  LiTFSI  in  other  electrolytes  in  atmosphere  up 
to  60  °C 

Since  we  have  already  pointed  out  that  the  LiPF6-based  elec¬ 
trolyte  suffers  above  30  °C,  we  have  tested  C-LFP//C-LTO  coin  cells 
with  other  electrolytes  that  are  stable  at  higher  temperature.  The 
results  are  reported  in  Figs.  18  and  19.  Note  all  these  cells  have  been 
prepared  at  IREQin  the  same  conditions,  so  that  direct  comparison 
can  be  made.  At  25  °C,  the  performance  is  nearly  the  same  for  the 
three  electrolytes  that  have  been  considered.  Note,  however,  that 
the  LiPF6  in  EC-DEC  electrolyte  limits  the  capacity  at  high  C-rates 
(>10C).  On  the  other  hand,  at  60  °C,  a  major  improvement  has  been 
achieved  at  any  C-rate  with  the  0.5  mol  L-1  LiTFSI  +  1  mol  L-1  LiBF4 
EC-GBL.  The  discharge  capacity  remains  larger  than  120  mAh  g-1 
up  to  10C.  At  40C,  the  capacity  remains  as  high  as  92vmAh  g-1, 
while  it  has  dropped  at  20  mAh  g-1  with  LiPF6  in  EC-DEC.  This 
result  can  be  attributed  to  the  strong  degradation  of  LiPF6  above 
30  °C.  We  also  note  that  the  1.5  mol  L-1  LiBF4  in  EC-DEC  is  not 
significantly  better  than  the  LiPF6-based  electrolyte,  but  it  is  not 
worse,  which  is  somehow  surprising  since  the  ionic  conductivity  of 


Fig.  11.  Discharge  (a)  and  charge  (b)  curves  of  the  C-LiFeP04/l  mol  L  1  LiPF6  in  EC-DEC  Fig.  13.  Discharge  curves  of  the  C-LiFeP04/l  mol  L  1  LiPF6  in  EC-DEC  (1:1)/ 
(1:1  )/C— Li4Ti50i2  “18650”  cell.  C-Li4Ti5Oi2  “18650”-type  cell  at  different  C-rates  from  C/12  to  60C. 
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Fig.  14.  Thermal  properties  of  the  C-LFP//C-LT0  “18650”-type  cell  and  modified  Peu- 
kert  plot  of  this  cell.  The  average  temperature  of  the  surface  of  the  cell  (measured  by 
thermocouple)  reached  at  the  different  cycles  mentioned  in  the  modified  Peukert  plot 
is  also  reported  (right  scale). 


this  LiBF4-based  electrolyte  is  smaller  [69].  The  C-LFP/0.5  mol  L  1 
LiTFSI  +  1  mol  IT1  LiBF4  in  EC-GBL/C-Li4Ti50i2  cell  displays  thus 
a  major  improvement  as  it  takes  benefit  of  the  stability  of  LiTFSI, 
this  battery  operating  remarkably  at  60C  rate,  while  the 


Fig.  15.  Thermal  infrared  image  of  the  LTO//LFP  “18650”-type  cell  recorded  during 
charge  at  rate  50C,  at  partial  charge  (1.7  V,  upper  figure)  and  at  full  charge  (2.1  V, 
bottom).  The  electrolyte  is  with  1  mol  L-1  LiPF6  in  EC-DEC  (1:1). 


Fig.  16.  Thermal  infrared  images  of  C-LTO//C-LFP  “18650”-cell  discharged  at  50C  rate 
(a)  Partial  discharge  at  1.2  V  and  (b)  total  discharge  at  1.0  V.  The  electrolyte  is  with 
1  mol  L  1  LiPF6  in  EC-DEC  (1:1). 


temperature  even  at  this  high  rate  (measured  by  thermocouple  like 
in  Fig.  14)  is  less  than  50  °C. 

3.2.5.  Coin-cells  with  LiFSI  in  other  electrolytes  at  80  °C 

In  an  attempt  to  rise  the  temperature  at  which  a  Li-ion  battery 
can  operate,  we  have  tested  another  salt,  namely  Lithium  bis(- 
fluorosulfonyl)imide  (LiFSI).  LiFSI  was  first  claimed  as  conducting 
salt  with  good  anticorrosive  properties  for  Li-ion  batteries  in  1995 
[70],  but  this  salt  is  difficult  to  prepare  with  the  high  purity  that  is 
mandatory  for  its  use  in  Li-ion  batteries  [71].  Now  that  that  this 
problem  has  been  overcome  [72,73],  this  salt  has  a  considerable 
interest  because  of  its  thermal  behavior,  stability  toward  hydrolysis, 
and  ionic  transport  behavior  [74]:  it  is  thermally  stable  up  to  200  °C, 
exhibits  far  superior  stability  toward  hydrolysis  than  LiPF6,  shows 
a  conductivity  that  is  larger  than  that  of  LiTFSI.  Moreover,  the 
corrosive  effect  of  LiTFSI  on  the  Al-collector  at  high  voltage  is  not 
observed  with  LiFSI,  provided  that  the  salt  is  pure  (i.e.  free  of  the  Cl- 
impurities),  at  least  at  room  temperature  where  the  investigations 
have  been  done.  In  principal,  this  last  aspect  here  does  not  directly 
concern  us,  because  the  operating  voltage  is  lower  owing  to  the 
choice  of  the  Li4TisOi2  cathode,  but  the  chemical  reactions  might  be 
more  severe  at  high  temperature,  and  the  choice  of  LiFSI  is  then 
more  secure. 

Fig.  20  shows  the  first  cycles  of  C-LiFeP04//C-Li4Ti50i2  cell  by 
using  1  mol  L-1  LiFSI  (lithium  bis(fluorosulfonyl)imide)  in  GBL  and 
1  mol  L_1  LiFSI  in  PC  (propylene  carbonate)  +  GBL  (1:1  in  volume) 
when  the  coin  cells  are  placed  in  atmosphere  at  80  °C.  The  capacity 
is  158  mAh  g  A  and  the  first  coulombic  efficiency  (ICE)  is  95%. 


I<.  Zaghib  et  al.  /  Journal  of  Power  Sources  216  (2012)  192-200 


199 


Fig.  17.  Performance  of  the  rapid  charge  rate  of  C-LTO//C-LFP  “18650”-type  cell  upon 
cycling  with  1  mol  L  1  LiPF6  in  EC-DEC  (1:1)  as  electrolyte. 


Addition  of  the  PC  increases  both  the  capacity  (167  mAh  g-1)  and 
the  1  CE  (99%).  On  another  hand,  with  LiPF6  EC  +  DEC  and  LiBF4 
EC  +  DEC  electrolytes,  the  cells  cannot  be  charged,  because  the 
boiling  temperature  of  the  carbonates  is  about  the  same  as  the 
temperature  of  the  experiment. 

These  results  at  80  °C  are  only  preliminary  because  further 
studies  of  aging  at  this  temperature  on  the  long-term  basis  are  still 
to  be  done  before  a  definitive  conclusion  on  the  possibility  for  the 
Li-ion  batteries  C-LiFeP04//C-Li4Ti50i2  to  operate  at  80  °C,  but  the 
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Fig.  18.  Inverse  modified  Peukert  at  25  °C  of  the  C-LTO//C-LFP  “18650”-type  cell  with 
different  electrolytes. 
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Fig.  19.  Inverse  modified  Peukert  at  60  °C  of  the  C-LTO//C-LFP  cell  with  different 
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Fig.  20.  Charge-discharge  of  C-LFP/LIFSI-based  electolyte/C-LTO  at  rate  C/24  at  80  °C. 


results  we  have  obtained  with  LiFSI  in  GBL  are  actually  promising. 
Even  at  this  temperature  LiFSI  will  not  generate  HF,  and  the  carbon 
coated  LTO  will  suppress  all  the  gases  such  H2,  CO,  CO2  ect. . .  during 
charge  discharge. 


4.  Concluding  remarks 

The  Li-ion  battery  C-LiFeP04//Li4Ti50i2  has  a  rather  small 
voltage  of  1.88  V  at  low  C-rate.  However,  it  has  some  advantages 
that  make  it  relevant  to  many  applications  as  follows:  (a)  a  lack  of 
aging  upon  cycling,  a  property  that  is  due  to  the  replacement  of  the 
classical  graphite  anode  by  LLfTisO^  and  the  correlated  lack  of 
solid-electrolyte  interface  on  the  anode,  (b)  The  possibility  to  work 
at  high  C-rates.  This  is  due  again  to  the  fact  that  LLfTisO^  does  not 
suffer  dilatation  and  contraction  upon  lithiation  or  delithiation.  (c) 
The  operating  voltage  of  LLfTisO^  allows  for  the  replacement  of  the 
unstable  LiPF6  salt  that  imposed  the  thermo-regulation  of  the 
battery  at  30  °C  to  avoid  fast  degradation.  We  have  found  that  the 
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use  of  LiTFSI  in  LiBF4-based  electrolyte  make  the  battery  operating 
nicely  at  60  °C. 

Of  course,  the  power  that  can  be  delivered  depends  on  the  size  of 
the  particles.  In  the  present  work,  all  the  tests  have  been  made  with 
LiFeP04  and  LUTisO^  particles  that  have  an  average  size  of  90  nm, 
which  can  be  easily  produced  at  the  industrial  scale.  A  “18650”-type 
cell  built  with  these  products  has  a  charge  capacity  0.65  Ah  at  low  C- 
rate,  and  still  0.52  Ah  at  60C  ( 1  min).  This  outstanding  result  is  primarily 
due  to  the  fact  that  the  insertion/de-insertion  of  Li  in  both  the  LiFeP04 
and  the  LLfTisO^  electrodes  proceeds  through  a  two-phase  reaction.  It 
means  that  the  nucleation  rate  is  faster  than  solid-state  diffusion  inside 
the  particles,  and  faster  means  more  power  available.  Flowever,  high 
power  also  requires  fast  drain  of  the  electrons  to  the  electrodes,  a  result 
that  was  obtained  by  coating  both  the  LiFeP04  and  the  Li4Ti50i2 
particles  with  conductive  carbon.  The  coating  with  a  conductive  layer  is 
known  to  be  mandatory  since  years  for  LiFePC^.  The  comparison 
between  the  results  in  the  present  work,  and  our  earlier  work  on  LFP// 
LTO  shows  that  the  carbon  coating  of  Li4Ti50i2  particles  also  improves 
the  power  density  and  rapid  charge,  up  to  the  point  reached  in  the 
present  situation  where  the  limitation  of  the  power  is  due  to  the 
positive  electrode  and  electrolyte,  rather  than  the  negative  one. 

To  conclude,  the  C-LFP/0.5  mol  L"1  LiTFSI  + 1  mol  L”1  LiBF4  in  EC- 
GBL/C-Li4Ti50i2  realizes  a  cell  that  can  operate  at  least  up  to  60  °C 
without  aging  over  thousands  of  cycle,  even  at  very  fast  C-rates  of 
60C.  This  performance  has  been  possible  because  this  electrolyte  is 
compatible  with  both  electrodes,  allowing  the  substitution  of  the 
LiPF6  salt  that  ages  above  30  °C  by  the  much  more  stable  LiTFSI.  This 
unprecedented  performance  makes  this  battery  quite  promising  for 
different  applications  including  rechargeable  hybrid  vehicles  and 
regulation  of  the  current  to  solve  intermittence  problems  on  smart 
grids.  Even  float  charging  under  severe  conditions  is  possible 
without  thermal  runaway  since  the  temperature  never  exceeded 
60  °C,  while  the  use  a  temperature-compensated  battery  charger  is 
usually  needed  for  valve-regulated  batteries. 
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